ABSTRACT Track irregularities, caused by reasons such as track deformation and installation error, are common in real maglev line. These disturbances brought by tracks exert an adverse influence on the performance of a maglev train levitation system. It takes a lot of maintenance costs and time to keep the tracks in a good condition. In another way, a disturbance rejection through a controller optimization method is proposed in this paper. First, the influences of the track irregularity disturbances on levitation performance are illustrated in detail. Then, an online optimization of the PnP control architecture method is adopted to reject the disturbances caused by track irregularities. The effectiveness of this method is verified through the MATLAB simulation. This method makes the levitation system adaptive to known and unknown time-varying track irregularities, saving time, and human resources.
I. INTRODUCTION
Maglev train, which features in the vertical non-contract electromagnetic levitation system and horizontal linear induction motor (LIM) traction system, has the advantages of strong climbing and turning ability, no danger of derailment, free of friction and wearing, and less environmental impact [1] . Since the first trial in 1984 [2] , researches about maglev train have been widespread in countries like Japan [3] , South Korea [4] , Germany and China [5] , [6] . To meet different application requirements, there has been a variety of maglev trains, among which permanent magnet electromagnetic suspension (PEMS) type maglev train is an innovative maglev aiming at energy-saving and long time levitation without over heating of electromagnets [7] . In PEMS maglev train, permanent magnet is added inside the iron core of the electromagnet, the size of the permanent magnet is optimized to reduce the levitation current and weight of the hybrid electromagnet [8] .
In high speed maglev system, tracks are embedded into concrete beams which are supported by vertical piers [9] . Due to the deformation of concrete beams, the inconsistent of piers heights and thickness difference between two adjacent cushion blocks, track irregularities are inevitable. Maglev train levitation system is a track-electromagnet interaction system, on one hand the gap between track and electromagnet affects the electromagnetic force which dynamically utilizes the weight of maglev train, on the other hand the lower side of the track is the detection surface for gap sensor and the gap sensor signal is used as a feedback [10] , [11] . Irregularities in tracks influence the levitation performance of maglev trains; large irregularities can result in poor ride comfort and in some cases instability [12] . Track irregularities should be controlled strictly during construction and maintenance, however, it is a big cost. Therefore, in this paper, an alternative way of solving this problem through regulating the controllers of maglev system is proposed.
Classical control methods are able to fulfill the basic requirement of levitating a PEMS high speed maglev train [13] . However, to tackle varying disturbances, advanced control method are sometimes more useful. Plug and Play (PnP) control architecture features in keeping the existing controller unchanged and modularization of controller [14] . This control architecture is made up of different modules, which can be designed separately based on system requirements [15] . For disturbance rejection problem for maglev train levitation system, enhancing system FIGURE 1. PEMS high speed maglev train and its levitation system. robustness against track irregularity disturbance is the main task. Since there exists a stabilizing controller which can maintain the maglev system a good performance under ideal condition, the PnP controller can be adopted with a performance enhancement module plugged in to tackle the track irregularity problem. For configuration of the plugged in module, a simple realization can be made by offline designing and online switching [16] . However, this method only deals with specific known disturbances. On the contrary, an online optimization is a promising method for performance enhancement against unknown time varying disturbances [17] .
The following of this paper is organized as: firstly the track irregularity problems are illustrated in section II, then online optimization method is introduced in detail in section III, in the following section simulation results are given and analyzed to verify the effectiveness of the method, and section V concludes this paper.
The notations used in this paper are standard. The n-dimensional Euclidean space is denoted as R n , the set of all m × n real matrix are denoted as R m×n , the set of all proper and real-rational stable transfer function matrix are denoted as RH ∞ , the superscript ''T '' stands for the transpose of a matrix, the superscript ''−1'' is used for the inverse of a matrix, the operator ''∂'' stands for partial differential, '' '' stands for difference, and ''∇'' stands for the gradient.
II. TRACK IRREGULARITY PROBLEMS FOR MAGLEV TRAIN A. MAGLEV SYSTEM MODELING AND NOMINAL CONTROLLER DESIGN
The structure of a single carriage of a high speed maglev train can be seen in the upper part of Fig. 1 . From levitation function point of view, maglev train can be divided into the upper half part of train body which is where passengers are, and lower half part of the levitation system which consists of air springs, electromagnets, arms and arm connectors. The air spring functions like a cushion offering better ride comfort. The electromagnets function like engines offering upward levitation force. The arms and arm connectors between electromagnets and air springs are used for connecting two adjacent electromagnets and transmitting the levitation forces. These two adjacent electromagnets, together with the arms and arm connectors is called a joint structure. There are 16 joint structures in a single carriage. With the decoupling mechanisms, these joint structure levitation systems can be treated separatively as the fundamental levitation unit.
It has been found in experiments that when the maglev train runs along the track, the vibration of the front levitation unit can affect the performance of the rear levitation unit (This phenomenon has also been analyzed theoretically in [18] ). So in this paper the first joint structure, which can be seen in the lower part of Fig. 1 , are chosen as the research objective. In the following part, the ideal mathematical model of this joint structure are derived and corresponding nominal controller is designed.
The maglev train levitation system is a nonlinear unstable dynamic system. Under initial condition, the maglev train lies on the track with the levitation gap a maximum value δ i . When a levitation command is set, a control voltage is generated based on the difference between real time levitation gap δ and the target levitation gap δ r ( also the equilibrium levitation gap δ 0 ). When this output voltage is exerted on the electromagnet windings, a current i is generated and so is the electromagnetic force F pe . When this force is large enough to levitate the maglev train, the electromagnet moves upward. Since the electromagnetic force is enlarged when the levitation gap is reduced, the maglev system is an unstable system in nature, a stabilizing controller is needed to make the electromagnet levitate at the target gap value with a robust VOLUME 7, 2019 performance against disturbances. Based on this levitation principle, the system model can be derived by obtaining the voltage-current relationship, the force generation equation and the system kinetics.
The voltage u -current i relationship of the electromagnet windings is:
where R is the windings resistance, µ 0 is the vacuum permeability, N is the windings turns, S is the electromagnet pole area, δ m is the permanent magnet thickness, µ r is the relative permeability, S m is the permanent magnet pole area, and H c is the coercivity. The relationship of hybrid electromagnetic force F pe with current i and levitation gap δ is shown in (2):
where
The kinetics equation for the entire PEMS joint structure levitation system is:
( 3) where m 1 and m 2 are the mass of electromagnets, M 1 and M 2 are the mass of corresponding load, F d1 and F d2 are the disturbances, with the subscript ''1'' and ''2'' represent the variables on the left and right side respectively. Assuming that
, and δ 1 = δ 2 = δ, the PEMS system kinetics equation (3) can be simplified as:
with F d representing the disturbance for the entire joint structure. The maglev system defined by (1), (2) and (4) is a nonlinear system. To make use of the well established linear time invariant (LTI) system control theory, the maglev system should be linearized in the neighborhood of the equilibrium first. It is reasonable to suppose the equilibrium currents of the two electromagnet are the same, namely i 10 = i 20 = i 0 . Set the value of equilibrium levitation gap as δ 0 , then the equilibrium current value i 0 can be computed as:
In the neighbor of the equilibrium, the hybrid electromagnetic force can be linearized as:
With the design of a current loop [19] , the voltage -current relationship of electromagnet (1) can be regarded as a proportional unit, i.e., u = i [20] . Denote the state variable as x 1 = δ, x 2 = δ , the control variables as u 1 = i 1 , u 2 = i 2 , and the output variable as y = δ, the linearized state space representation of the system can be derived as:
In fact, if the two control variables are combined into a single one, i.e. u 1 = u 2 = u, then dynamics of the end joint structure levitation system (7) can be transformed from a two inputs single output system into a single input single output (SISO) system as:
Now, since the system model of the levitation system has been obtained in the standard form of (9):
classical linear quadratic optimal regulator (LQR) design method can be adopted to design the nominal controller [21] . Set the performance index as:
with W x and W u representing the weight on system state and control variable respectively, and solve the corresponding Riccati equation:
the nominal controller can be obtained as:
B. TRACK IRREGULARITY PROBLEMS
Track irregularity is a crucial problem influencing the levitation performance for maglev train. Measuring track smoothness on a maglev line is a tedious process and so is the following track adjustment work. This work costs a lot of time and human resources and the normal operation of maglev trains are also affected. Additionally, the track irregularities are affected by temperature and climate, especially the year round thermal expansion and contraction of tracks, which means this track maintenance work is not once and for all. In this part, the underlying reasons of track irregularities are introduced and the corresponding influences of track irregularity disturbance on levitation performance are illustrated via simulations. Track irregularities are usually caused by irregularities of concrete beams and stator packs, e.g., subsidence of foundations, temperature/elastic deformation of concrete beams, errors of cushion thickness, machining errors of stator pack, etc. [22] . From the irregularities forms point of view, they may be in the form of vertical deviation, inclination, and deformation of tracks. For ease of analysis, track irregularities are roughly categorized into 3 types: sinuous, triangular, and abrupt, as is illustrated in Fig. 2 . In this part, simulations are made to illustrate how track irregularities affect levitation performance. For ease of comparison, the amplitudes of the track irregularities are set to be the same as 2 mm, and the duration time is also the same as 8.74s, which is equivalent to the maglev train running across two consecutive 12.14m long beams at a speed of 10 km/h. The responses of levitation gaps under 3 different types of track irregularities are given in Fig. 3 . In this simulation result, the dash line represents the track irregularity profile while the solid line represents the corresponding levitation gap response. It can be concluded from this simulation that under the same track irregularity amplitude, the fluctuation of levitation gap caused by abrupt track irregularity is the most severe. In the following part, only the influence of abrupt track irregularity, which characterizes the biggest influence caused by track irregularity, is considered.
III. ONLINE OPTIMIZATION OF PNP CONTROL ARCHITECTURE
Control law (12) guarantees the system an optimal performance with respect to performance index (10), however, only under ideal condition. When disturbances occurs, the system model is thus changed to a new one, which under the original nominal controller can not perform to its optimum. At this time the controller needs to be optimized again, or iteratively optimized online. In the following part, the procedure of online optimization will be given in detail.
A. CONTROLLER PARAMETERIZATION
For a given plant represented in discrete state space form:
where u (k) ∈ R l is the system input, y (k) ∈ R m is the system output, x (k) ∈ R n is the state variable, 
there exist left coprime factorization (LCF) and right coprime factorization (RCF) of G(z) over RH ∞ as:
and additional transfer function matrixX (z),Ỹ (z),X , andŶ (z) satisfying Bezout identities:
From Youla parameterization [23] , all proper controllers achieving internal stability can be parameterized by: (16) where Q(z) ∈ RH ∞ is caller Youla parameterization matrix. Equation (16) can be realized in a form called generalized internal model control (GIMC) architecture [24] . The disadvantage of GIMC is that it's hard to define specific meaning for those transfer function matrix, which makes it difficult to tune parameters in a real practice. To make the controller functional and modularized, a new realization of (16) is proposed in [25] : suppose plant (13) can be stabilized by u c (z), then all proper controllers achieving internal stability can be parameterized by:.
where r(z) is the residual of plant (13) . Residual r(z) can be obtained through model based [26] or data-driven [27] observers design approaches. In other words, (17) is an alternative realization of Youla parameterization. The advantage is splitting the parameterization into two easy-understanding part: the one for the stable controller for stability, the other related with residual signal used for performance compensation.
B. PnP CONTROL ARCHITECTURE
A typical PnP control architecture can be seen in Fig. 4 . [28] . The nominal controller can be any type of classical controller which stabilizes the plat G(z), like PID controller, state (output) feedback controller, etc. Pre-filter is used to enhance the tracking ability with respect to reference signal ω. Residual generator is usually realized in an observer form. The residual signal is equal to zero under ideal condition. When disturbances happen, this residual signal will be a non zero signal which can be processed further by the compensation controller for performance optimization purpose. The post filter R(z) is a further processing of residual signal r for fault diagnosis purpose. In this context, without considering tracking ability and fault diagnosis, only residual generator O(z) and compensation controller Q(z) are to be designed and online optimized. The nominal controller is supposed to be in the form of:
This control architecture consists of nominal controller C(z), pre-filer V (z), residual generator O(z), compensation controller Q(z) and post filter R(z)
C :
where x c ∈ R n c , n c is the order of the controller,
The residual generator is supposed to be in the form of:
where x o ∈ R n o , n o is the order of the residual generator,
The discrete form Youla parameterization matrix Q is supposed to be in the form of:
where x q ∈ R n q , n q is the order of Q, A q ∈ R n q ×n q , B q ∈ R n q ×m , C q ∈ R l×n q , D q ∈ R l×m .
C. ONLINE PARAMETER OPTIMIZATION BASED ON GRADIENT DESCENT METHOD
Parameterization has a big influence on the solving of optimization problem. Input normal form with the advantage of small computation is used here to parameterize the matrix defining Q(z) (A q , B q , C q , and D q in (20)):
where θ AB,q ∈ R n q m is the parameterization of A q and B q based on input normal form [29] , θ C,q ∈ R ln q and θ D,q ∈ R lm contain all the entries in C q and D q .
Set the discrete form quadratic performance index parallel to (10) as:
where i is the iteration times, N is the length of the evaluation window, W e (k) is the weight on e (k), W u (k) is the weight on u (k).The performance index J (i) is closely related with the value of compensation controller Q (z), for the reason that the value of u(k) is changed by the addition of u q (k) and so is the value of e(k). The control problems is now transformed into an optimization problem which is to make the performance index minimized through tuning the value of Q (z).
Considering that there is a one to one mapping between parameter θ q and the value of Q, this control problem now equals minimizing J (i) by tuning the value of θ q (i), that is:
where is the domain for θ q (i). Solving the solution for (23) is not an easy problem. One feasible way is to make θ q (i) move along the negative gradient of J (i) at every iteration, which will make the value of J (i) moves towards its minimum step by step:
where λ is the step length for parameter θ q (i) at its every iteration, ∇J (i) is the gradient of J (i) with respect to θ q (i). The value of ∇J (i) can be obtained by taking the differential of (22) with respect to θ q (i) as:
It can be seen from (25) that, apart from the values of e(k) and u(k) which are available from system input and output data, the derivatives of e (k) and u (k) with respect to θ q (i) are needed to compute the value of ∇J (i).
D. ITERATION OF PARAMETERS
In the scope of this context, only iteration for improving system robustness is considered, that is V (z) = 0 and R (z) = 0. At this time:
From (26), further result can be obtained:
Furthermore, x c (k) and x o (k) can be represented by ω (k) and r (k) as:
The relationship between tracking error e (k) and ω (k) together with r (k) is:
The complete set of relationships between tracking error e (k), control output u (k) and parameter θ are defined by (28) , (29), (30), (31) together with the equation for x q (32).
The derivatives needed in (25) can be obtained by taking the derivatives for these relationships. Particularly, the iterative optimization of parameters θ AB,q , θ C,q and θ D,q can be done independently.
1) ITERATIVE UPDATING FOR PARAMETER θ AB,q
Take the derivatives of (28), (29), (30), (31) and (32) with respect to θ AB,q (i):
Until now, intermediate variables
∂θ AB,q (i) and
∂θ AB,q (i) can be obtained by simulating (33) to (37), then the value of θ AB,q (i) can be iteratively updated online by (38):
Take the derivatives of (28), (29) , (30), (31) and (32) with respect to θ C,q (i): can be obtained by simulating (39) to (43), and the value of θ C,q (i) can be iteratively updated online by (44).
Take the derivatives of (28), (29), (30), (31) and (32) with respect to θ D,q (i): 
To conclude, the online optimization of PnP control architecture concerned in this context is shown in Fig. 5 . 
IV. SIMULATION ANALYSIS
The parameters of a real PEMS high speed maglev train can be seen in Table 1 . Set the sampling time as 1ms, then the system matrix defining the discrete form state space repre- , B = 0 0.0013 ,
The state space representation of the controller can be obtained as:
The state space representation of the observer based residual generator can be obtained as: After the simulation begins, a periodic square wave with duration time 5s and period 10s is added into the feedback gap signal to simulate the occurrence of consecutive step track irregularities. The simulation result is stored and plotted after the simulation ended at t = 500 s. To better show the online optimization process and to save the space, the levitation gaps in every 5s are exhibited in the same x-axis, with the time axis a relative time frame, as is shown in Fig.6 . The responses of performance index J during this online optimization process are shown in Fig. 7 . The values of compensation control variable u q during this online optimization process are shown in Fig. 8 . From simulation results, it can be concluded that, with the online optimization of Q(z), the amplitude of the levitation gap fluctuation is reduced step by step after each iteration. When the simulation stops, the optimized levitation system is almost ''immune'' to the track irregularity disturbance with the levitation gap returning to the target value within 0.1s.
V. CONCLUSION
In this paper, the track irregularity disturbance rejection problem for PEMS high speed maglev train is studied in detail. First the model of an end joint structure levitation system is derived and corresponding nominal control is designed. Then the track irregularity problems are described and the influences caused by track irregularities are shown by simulations. To tackle track irregularity disturbance rejection problems, online optimization of PnP control architecture method is used. The effectiveness of this method is illustrated by simulation results. The proposed method has good prospects in future engineering practice, for the reason that on one hand this method saves lots of parameters tuning time, on the other hand the method can be adaptive to the changing of track conditions. Engineering practice on a maglev line is the future work focus.
